Since the directional permeability of gas shale fracture networks is significantly dependent on the geometric properties of fractures, in this work, a numerical study was performed to analyze the relationships of them, in which fracture length followed a fractal distribution and fracture orientation followed a normal distribution. Assumptions were made that fractures are more permeable than shale matrix and gas shale fracture networks are consisted of two sets of fractures with different distributions of length, aperture and orientation. The results show that with increasing the ratio of fractal dimensions or apertures of the two fracture sets, the direction of the maximum permeability moves towards the orientation of fractures with a larger fractal dimension or aperture.
Introduction
where lij is the trace length of the ith fracture for fracture set j, Dj is the fractal dimension of fracture backbone consist of fracture set j, j = 1, 2, 3, …, Ns, and Ns is the total number of fracture set. In the present work, only two fracture sets were considered by assigning Ns = 2. Eq. (2) is the new expression for the fractal length distribution of fractures, which incorporates two fracture sets with different fractal dimensions.
DFN generation and boundary conditions
Assumptions were made that fracture networks were consisted of two fracture sets, and the mean orientation of one fracture set was horizontal (0 degree), while the second fracture set has a mean orientation of θm that varies from 30 degree to 90 degree. Therefore, θm is also the intersecting angle of the two fracture sets. The location of fractures was uniformly and randomly distributed in the range of concerned region, and orientation of fractures followed normal distributions. The mean values of normally distributed orientations for the two fracture sets were 0 degree and θm, and the variances were both 10 degree. The apertures of both fracture sets (e1 and e2) were assumed to be the same constant with a value of 65 μm, which is the same magnitude with the in-situ measurements (Baghbanan and Jing 2008) . lmin = 0.5 m and lmax = 500 m, with a ratio of 0.001 (Liu et al. 2015) . Both fractal dimensions (D1 and D2) of the two fractures sets ranged from 1.3 to 1.5, below which the fracture networks were not well connected and above which there were so many fractures/segments that is beyond the capability of a common computer. Different combinations of D1 and D2 and the values of other parameters used for DFN generation were tabulated in Table 1. When analyzing one parameter, the others were fixed and assigned initial values. Fig. 2 presents three of the fracture network models with different fractal dimensions, side lengths (L), orientations or intersecting angles (θm) for the two fracture sets. From these figures, we can see that when the fractal dimension is small, the fracture network is composed of relative small fractures (see Figs. 2(a) ~ (c)), and for the fracture network having a large fractal dimension, it is composed of relative large fractures (see Figs. 2(g) ~ (i)). With increasing D2 and fixing D1 = 1.3, the mass density of the two fracture sets seems to be different, indicating that the permeability might be anisotropic if assigning a constant aperture to all fractures. The relationship of fractal dimensions (D1 and D2) and permeability tensor (both magnitude and directivity) would be presented in the following Section 4.2.
To calculate the permeability tensor of a fracture network, the model scale should be equal to or larger than the REV (representative elementary volume) size, below which the permeability tensor might vary significantly and beyond which the permeability tensor would hold almost constant values. To calculate the REV size for the fracture networks with different D1 and D2, smaller DFNs were extracted from original large models with different rotations (θr) as illustrated in Fig. 3 . A pressure gradient was fixed at 10 kPa/m to generate flow along the rotated direction by applying different pressures on the opposing sides. The other two sides that are perpendicular to the flow direction were assumed to be impermeable. The minimum side length (Lmin) and the maximum side length (Lmax) of extracted models for different D1 and D2 were shown in Table 1 .
The fluid flow was assumed to obey the linear Darcy's law, and when the elevation head is neglected, the governing equation could be expressed as (Bear 1972; Min et al. 2004): (3) where Qi is the flow rate, A is the cross-sectional area, Kij is the permeability tensor, μ is the dynamic viscosity, and P is the hydraulic pressure.
A two-dimensional DEM (discrete element method) code UDEC (Itasca, 2004) was developed by the authors to calculate the flow rate of fracture networks generated above. The details of the DEM code were described in the previous works of Liu et al. (2015 Liu et al. ( , 2016c . After the flow rate is obtained, the permeability could be back-calculated according to Eq. (3).
Results and analysis

Modeling verification
In the previous works of Ren et al. (2015) , the variations of PAR (permeability anisotropy ratio) that is defined as the ratio of permeability in the horizontal direction to that in the orthogonal direction were characterized as shown in Fig. 4 , based on the fracture network models containing two fracture sets. In their model, the first fracture set was fixed with an inclination angle of 30 degree, and the intersecting angle of the two fracture sets ranged from 20 degree to 140 degree in the counter clockwise direction. To compare the variations of PAR in the present study to those in the works of Ren et al. (2015) , PAR should be the ratio of permeability at θr = 330 degree to that at θr = 60 degree, because the first fracture set was fixed with an inclination angle of 0 degree in the present study. Based on the fracture network models as shown in Figs. 2 (a) ~ (c), the values of PAR were calculated and plotted in Fig. 4 with the intersecting angle (represented by θm in Fig. 2) ranging from 30 degree to 90 degree. The results show that with the increment of intersecting angle from 30 degree to 90 degree, PAR decreases and then increases for both models, although the values of PAR in the present model are slightly less than those in Ren's model. The reasons might be that the variance of orientation for the two fracture sets was the same 10 degree in the present model, whereas it was 0 degree in Ren's model. Therefore, the validity of the proposed fractal length distribution of fractures (see Eq. (2)) and the validity of the proposed DFN modeling technics could be efficiently verified.
Effect of fractal dimension
For each case in Table 1 To calculate the permeability tensor (both magnitude and direction), Fig. 7 shows nine of the directional permeability contours with different fractal dimensions and orientations for the fracture networks at the REV size. The results show that when D1 is fixed as 1.3, with the increment of D2, both the maximum permeability (Kmax) and the minimum permeability (Kmin) increase at a certain θm (i.e., 30 degree). With the increasing θm, the directional permeability contour seems to be more isotropic, comparing with those with smaller θm (see Figs. 7(a) ~ (c)). For all the cases as shown in Table 1 , Kmax could be predicted with Dm, following a linear function as shown in Fig. 8, whereas Kmin increases exponentially as Dm increases. The variations of Kmax/Kmin, which could be utilized to characterize the degree of anisotropy of permeability, exhibit exponential functions with the increment of θm as shown in Fig. 9 . The larger value of fractal dimension results in the larger number of fractures, and thereafter the stronger conductivity. Fig. 10 illustrated that the directivity/orientation of the maximum permeability (θmax) has quadratic relationships with the ratio of fractal dimensions of the two fracture sets (represented by D2/D1). With increasing D2/D1, θmax increases dramatically, and gradually holds constant values that are close to the orientations of the fracture set with larger fractal dimension.
Effect of aperture
Fracture aperture plays an important role in the conductivity of a fracture network, because the flow rate is linearly proportional to the cube of aperture. In this Section, the case of D1 = 1.5 and D2 = 1.5 was selected to characterize the effect of aperture for the fracture network models with e2/e1 = 1.0 ~ 5.0, L = 3 m, and θm = 30 ~ 60 degree, where e2/e1 is the ratio of apertures of the two fracture sets. As a result, a total of 216 fracture network models were calculated. The directional permeability contours are exhibited in Fig. 11 , and the results show that with the increment of e2/e1, Kmax increases. This is because e1 is fixed as 65 μm, and e2 increases from 65 μm to 325 μm. Fig. 12 presents the variations of Kmax/Kmin with increasing e2/e1 from 1.0 to 5.0. Kmax/Kmin decreases from 9.93 to 4.55 and increases from 2.79 to 5.35 for the cases of θm = 30 degree and 60 degree, respectively, both following quadratic functions. The degree of anisotropy of permeability decreases with the small θm (i.e., θm = 30 degree), however, it increases with the large θm (i.e., θm = 60 degree). The reasons might be that the increasing rate of Kmax is less than that of Kmin for θm = 30 degree, however, the increasing rate of Kmax is larger than that of Kmin for θm = 60 degree. Fig. 13 illustrates that θmax has power-law relationships with e2/e1. With increasing e2/e1, θmax increases dramatically, and gradually holds constant values that are close to the orientations of the fracture set with larger aperture.
Effect of orientation variance
The influences of orientation of fractures on the permeability tensor (both magnitude and direction) have attracted much attentions, however, the orientation variance (θvar) that could be changed according to different numbers of dataset was commonly negligible. In this Section, θvar ranged from 10 degree to 180 degree for both fracture sets, the orientation of which was normally or uniformly distributed. The fracture network models with varying distributions of orientations and corresponding variances are shown in Fig. 14. These models are consisted of fractures with D1 = 1.5, D2 = 1.5, L = 3 m, and θm = 30 degree. With the increment of θvar, the fractures are more randomly distributed, and the intersecting angle of the two fracture sets is more deviated from the original 30 degree. Fig. 15 presents the directional permeability contours, and it shows that with the increment of θvar, Kmax decreases and Kmin increases when the fractures are normally distributed.
However, when the fractures are uniformly distributed, Kmin increases and Kmax varies negligibly small. For both cases, we could see that the difference of Kmax and Kmin would be smaller for larger θvar as shown in Fig. 16 . However, the variation patterns of permeability of the models with orientation normally distributed and uniformly distributed are very different. The reduction/increase rate of permeability decreases for the models with orientation normally distributed, however, the reduction/increase rate of permeability increases for the models with orientation uniformly distributed. Fig. 17 illustrates the influence of θvar on Kmax/Kmin, and the results show that the value of Kmax/Kmin for the models with orientation normally distributed is smaller than that for the models with orientation uniformly distributed, except for the case with θvar = 180 degree. The value of Kmax/Kmin reduces dramatically when θvar is small, and gradually holds constants for θvar > 90 degree for the models with orientation normally distributed. When orientation of fractures is uniformly distributed, the value of Kmax/Kmin would be constantly reduced until the end case with θvar = 180 degree. Therefore, when predicting the permeability tensor of an engineering site, both the distribution of orientations and corresponding variances should be considered.
Conclusions
A new expression for fractal length distribution of fractures that considers the orientation distribution of fractures was proposed, and a systematic numerical simulation was performed to characterize the directional permeability based on a series of fracture network models. The influences of fractal dimension, aperture, and variance of orientation on the permeability tensor (both magnitude and direction) were investigated.
The results show that with the increment of the mean fractal dimension of the two fracture sets, the side length of DFNs at the REV size decreases following an exponential function, which could be utilized to predict the REV size of a fracture network by calculating its fractal dimensions. The ratio of the maximum permeability to the minimum permeability, which is a factor for characterizing the degree of anisotropy of permeability, exhibits exponential functions with the increment of intersecting angle of the two fracture sets. With the increment of the ratio of fractal dimensions (or apertures) of the two fracture sets, the directivity/orientation of the maximum permeability increases dramatically, and gradually holds constant values that are close to the orientations of the fracture set with larger fractal dimension (or aperture). The larger orientation variance results in the smaller difference between the maximum and the minimum permeability.
The reduction/increase rate of permeability decreases and increases for the models with orientation normally and uniformly distributed, respectively. This study is focused on the directional permeability of fracture network models containing two fracture sets, and in the future works, fracture network models containing variable (more than two) fracture sets would be incorporated. Fig. 9 Variation of the ratio of the maximum permeability to the minimum permeability with increasing orientation from 30° to 90°. Fig. 10 Orientation of the maximum permeability with ranging the ratio of fractal dimensions of the two fracture sets from 1.00 to 1.15. 
